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Abstract 

Metal additive manufacturing (MAM), also referred to as 3D printing, has proved remarkable in the 

fabrication of complex metal components in multiple sectors. But the assessment of this revolutionary 

process through bending fatigue is frequently impeded due to concerns about mechanical and 

physical conditions of the printed components. The unique layer-by-layer production process results 

in varied microstructures, anisotropy, and intrinsic defects that considerably differ from traditionally 

manufactured wrought metals. This review article aims to integrate and evaluate historical and 

contemporary research on the bending fatigue of additively manufactured materials. More 

specifically, the impact of process parameters, build orientation, surface conditions, and post 

processing techniques such as machining, surface treatments, and polishing on bending fatigue 

performance are summarized. Adopting prediction methodologies were emphasized to facilitate 

flaw detection and thereby ensuring the safe and reliable deployment of AM parts in dynamic load 

carrying applications. Some future research directions were proposed, including the i) Development 

of Standardized specimens and test protocols, ii) adaptation to miniaturization to overcome 

challenges in high throughput fatigue testing, iii) application of emerging geometries such as the 

Krouse specimen for mechanistic investigations, and iv) Possibility of developing correlation across 

different testing methods and materials to reduce experimental burden. By synthesizing the recent 

progresses and identifying unresolved challenges, this review outlines an organized and clear 

pathway towards future research for the deployment of advanced bending fatigue characterization 

in AM process. The novel idea of adapting miniaturized Krouse geometries in bending fatigue test of 

additively manufactured metals is a viable prospect for the feasible fabrication of AM fatigue 

coupons with reduced specimen preparation defects and enhanced fatigue strength.  

Keywords: additive manufacturing; bending fatigue; krouse specimen; surface roughness; post 

processing; build orientation 

 

1. Introduction 

Metal additive manufacturing has transformed modern manufacturing processes significantly 

by enabling the creation of intricate shapes with minimal material wastes, minimal machining 

operations, and reduced assembly requirements. With the help of CAD-CAM integration, this step-

by-step material deposition has been a great replacement for many conventional subtractive 

methods, enabling the production of complex internal structures, lightweight lattices and integrated 

components [1]. This capability stimulated innovation across high-value industrial and energy 

sectors such as aerospace, automotive, defense, medical science and nuclear engineering. In 

aerospace, AM has contributed to the development of lightweight, topology-optimized structural 

components, fuel nozzles, and turbine parts to reduce weight, improve engine performance and 

efficiency and enhance the aircraft safety [2–6]. In the medical field, additive manufacturing enables 

the development of tailored implants, such as orthopedic hip stems, cranial plates, and dental 

restorations, by leveraging the customization capabilities of digital design [7–10]. In the automotive 
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sector, AM is utilized for rapid prototyping, precision part tooling and small-scale production of 

high-performance products for faster innovation cycles and mass customization [11–13]. Moreover, 

by providing efficient, on-demand production of specialized and replacement parts to simplify 

military logistics and supply chains, additive manufacturing plays a crucial role in national security 

and the energy sectors by integrating the concept of the Fourth Industrial Revolution (4IR) [14–16]. 

 Regardless of these advancements, for the fruitful transition of AM from rapid prototyping to 

the production of mission-critical, load bearing components, a thorough understanding is required 

on the mechanical performance of AM metals under end-use operational settings. Among the major 

performance indicators, fatigue resistance is most critical and challenging to predict and evaluate.  

Fatigue, which is the progressive structural damage resulting from cyclical and periodic loads 

is particularly threatening due to its propensity for catastrophic failure with minimal prior indication. 

Historically, the majority of fatigue research in additive manufacturing has focused on axial loading 

conditions. However, numerous real-world components encounter complex stress states that 

incorporate bending loads.  

Specifically, bending fatigue is of growing interest because it more accurately replicates the 

service loading conditions of a wide variety of structural components. Bridges, beams, shafts, turbine 

blades, and biomedical implants frequently experience flexural stresses in operation. In bending 

fatigue, the maximum stress is concentrated at the outermost layers of a component, making surface 

quality and near-surface defects particularly influential on fatigue performance. Consequently, AM 

parts—which are known for relatively higher surface roughness, surface-connected porosity, and 

residual stresses—are at an inherent disadvantage in bending fatigue unless these issues are 

mitigated through design or post-processing.  

AM metals also have distinct micro-structural and flaw characteristics that set them apart from 

their wrought or cast equivalents. Complex thermal history caused by rapid solidification, localized 

melting, and repeated melting cycles inherent in AM can lead to highly heterogeneous 

microstructures [17–19]. Melt pool boundaries, unmelted or partially melted particles, columnar 

grains aligned along the build direction, high dislocation densities, supersaturated matrix and the 

presence of gas porosity are some other commonly observed features in AM [20,21]. These 

microstructural abnormalities are due to the layer-wise production nature of AM which could be 

insidious to fatigue life, particularly when they are located near the surface. Moreover, the 

mechanical anisotropy caused by the build orientation coupled with the differences in surface 

roughness can promote premature fatigue crack initiation [22–24]. 

In AM metals, porosity is another major factor that can propagate fatigue cracks faster. Round 

shaped gas pores from entrapped shielding gases or material vaporization during the powder 

melting process and lack of fusion defects characterized by sharp, planar voids occur due to 

inadequate overlap between neighboring melt pools or layers. These defects can drastically diminish 

the fatigue life by acting as stress concentrators. Fatigue crack initiation and spreads are significantly 

affected by the position, size and morphology of these defects as detailed by Leuders et al. [25] and 

Kasperovich et al. [26]. Another aggravating factor that could accelerate the fatigue damage is poor 

surface roughness. When subjected to cyclic bending loads, surface asperities caused by the stair-

stepping effect on the sloping surfaces and the attachment of partially fused powder particles can 

initiate microcracks [27,28] which will adversely affect fatigue performance. 

Residual stresses add an additional layer of complexity to the fatigue performance assessment 

of AM made parts. In AM, considerable residual stresses are built up near the surface due to the 

thermal gradients from the cyclical melting and solidification phenomena. The most deleterious of 

these is the tensile residual stresses, which increase the effective mean stress during cycling loading 

and hasten the onset and spread of a crack. Multiple researchers have suggested that post-heat 

treatment for stress relieving and HIP (Hot isostatic press) can considerably reduce these residual 

stresses and arrest and minimize internal voids to enhance fatigue performance [29,30]. While 

applying these post-processing techniques is somewhat challenging due to cost, geometry limitation 

or application constraints, a comprehensive framework could be established that integrates 
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processing variables, alloy compositions, and treatment techniques for an optimal microstructure 

using AM [31]. 

While optimization and post-processing have been demonstrated to benefit AM-made parts, 

accurate measurement and assessment techniques based on dynamic loading will generate 

stochastically relevant data and provide confidence for the adoption of these AM components. Once 

such measurement, bending fatigue testing is identified as a sensitive and relevant method for 

characterizing the fatigue performance of additive manufacturing metals, considering the interplay 

between these factors.  Bending fatigue differs from axial fatigue tests in that it creates a stress 

gradient, with stress levels reaching zero at the neutral axis and peaking at the surface, rather than 

applying uniform cyclic stress across the entire cross-section. Bending fatigue serves as an optimal 

method for investigating surface-initiated fatigue mechanisms, which are prevalent in most additive 

manufacturing materials. Furthermore, bending fatigue tests can be performed on round, flat, or even 

miniature specimens, providing adaptability in evaluating various design geometries and accounting 

for scaling effects.       

But the investigation and associated literature on bending fatigue in AM are still sparse in 

comparison to axial fatigue studies, despite their relevance. A wide range of current researchers focus 

on common alloys, including Ti-6Al-4V, Inconel 718, and AlSi10Mg. There is a lack of comprehensive 

studies that investigate the effect of process parameters, build orientations, and post-processing on 

bending fatigue performance. Again, although a limited number of standards for bending fatigue test 

exist [32], there are no specific guidelines for their application to AM components. 

The appropriate specimen geometries for bending fatigue testing are likewise not universally 

agreed upon. Flat specimens are more realistic of many real-world components, although round 

rotating beam specimens are still commonly employed because of their historical precedence and 

straightforward stress profiles. Miniaturized specimens and unique shapes, such as the Krouse 

specimen, have also been investigated recently to investigate localized fatigue behavior or to support 

small AM constructions [33,34]. However, the interpretation and comparison of results across various 

specimen types are complicated by size effects, stress concentration factors, and boundary conditions. 

To mitigate these challenges and knowledge gaps, this review aims to provide a complete 

synthesis of previous and ongoing research on bending fatigue in additively manufactured metals. It 

reviews the historical evolution of bending fatigue testing to provide context. It then critically 

evaluates the current body of literature, focusing on the impact of AM process parameters, material 

systems, surface quality, and post-processing techniques. A special emphasis is placed on the 

feasibility and limitations of miniaturized testing, and the importance of unique geometries such as 

the Krouse specimen in understanding fatigue failure mechanisms and their need for AM 

components. Finally, this study suggests future research areas, standardization efforts, and testing 

procedures for advancing bending fatigue evaluation in AM. 

By emphasizing both the challenges and opportunities in this field, this review contributes to a 

better understanding of the complex fatigue behavior of AM metals under bending loads, ultimately 

supporting their safe and reliable use in structural applications where fatigue failure is not an option. 

2. Linking Fatigue Testing to Additive Manufacturing Process 

Fatigue analysis has a long-term history since its use from the 19th century when a catastrophic 

railway accident  occurred in France. Tracing back to the industrial revolution, this structural failure 

in metallic components, particularly in the railway axle, prompted an urgent need to understand the 

long-term behavior of materials subjected to repeated cyclic loading [35]. The first systematic fatigue 

tests were initiated by August Wohler for the German Railway system. As a groundbreaking effort 

and for foundational understanding of material degradation under cyclic stress, he developed S-N 

curves showing the relationship between the applied cyclic stress (S) and the number of cycles to 

failure(N)[36]. According to Wohler’s method, rotating beam specimens were subjected to fully 

reversed bending stress causing alternating tension and compression on the outer surfaces of the 

specimen. The failures of rotating shafts and axles in early railroads and mechanical systems were 
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thus replicated by this method. This configuration and the resulting Wohler’s curve were particularly 

applicable for ferrous materials such as steels and various grades of irons [37,38]. These metals exhibit 

a distinct endurance stress threshold below which fatigue failure doesn’t occur, regardless of number 

of cycles[39]. This fundamental concept has laid the foundation of fatigue testing and its design 

theory today. 

Wohler’s original apparatus needed several revisions and improvements over the decades for 

more accurate and repeatable fatigue testing. For example, servo-hydraulic testing machines 

developed in late-20th century were capable of testing more complex structures and shapes, 

including variable, multi-axial and strain-controlled fatigue tests at both low and high frequencies 

[40,41]. Despite these advances in axial and tortional fatigue research, bending fatigue needs extra 

attention due to its significance for components such as beams, shafts and rotating machinery 

subjected to flexural loads in real world applications. 

Necessary standards were developed by ASTM and ISO with proper guidelines and instructions 

for fatigue tests, but those are limited mainly to axial fatigue testing. As an example, ASTM E468 [42] 

provides recommendations about data processing and some material and specimen related 

information that should be reported and recorded although no particular test process was suggested. 

Similarly, ASTM E606 described a method for a strain-controlled fatigue test which is suitable for low 

cycle fatigue situations where materials undergo cyclic plastic deformation[43]. However, the only 

standard found in literature for bending fatigue test is ASTM B593-21 [32] which is applicable for 

copper-alloy spring materials in the form of flat sheets or strips. While this standard provides 

researchers with an intensive methodology for test specimens preparation, mountings and type of 

machines, the suitability of the process to wide range of materials and shapes is yet to be investigated. 

As manufacturing processes matured, fatigue testing became more predictive due to the 

consistent quality and homogeneity of material properties in forged and wrought components. 

However, these ideas were thrown off by the rise of AM in the late 20th and early 21st centuries. The 

unusual microstructures, anisotropies, and defect profiles of AM materials make it exceedingly 

challenging to use conventional fatigue data to predict their performance. 

Early studies on AM fatigue, therefore, logically concentrated on axial fatigue because of its 

relatively easier setup and availability. The first study was done by Rafi et al. [44] and Blandl E et al. 

[45] on Ti-6Al-4V and AlSi10Mg respectively, and they set the standard for the characteristics of AM 

metals under tensile cyclic loading. These  studies reinforced the essential metrics and variables that 

affect and quantify AM fatigue behavior, such as the orientation of the build, the roughness of the 

surface, and any post-processing. Their research indicated that AM materials, especially when they 

are in their as-built condition, performed much worse than wrought materials because of surface 

defects and residual stresses. But as AM technologies progressed from making prototypes into 

structural and functional part production, some problems associated with the limited nature of axial 

fatigue testing were highlighted. Most of the time, loading conditions in the real world are not 

uniaxial. In a lot of important applications, like turbine blades, engine parts, and orthopedic implants, 

parts are subjected to bending-dominated stress states. Such stress profiles create stress gradients that 

affect crack propagation in a different way from uniaxial loading.  

Identifying this deficiency, researchers had initiated investigations into bending fatigue in 

additive manufacturing materials to more accurately simulate service conditions. One of the initial 

significant contributions was the research of Ellyson B et al. [46], who performed rotating bending 

stress tests on additive manufactured Ti-6Al-4V specimens created using selective laser melting 

(SLM). Their findings again emphasized a pronounced sensitivity to surface roughness and 

subsurface imperfections, affirming that bending fatigue is considerably affected by surface quality, 

which is a vital issue in additive manufacturing due to its intrinsically rough surfaces. Romano’s 

research signified a transformation in the fatigue research community, indicating the necessity to 

integrate bending fatigue into the assessment framework for additive manufacturing metals [47]. 

Subsequent studies by researchers such as Leuders S et al. [48] further corroborated this, 

demonstrating that rotating and flexural bending tests yielded distinct insights into the fatigue 
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damage mechanisms inherent to additive manufacturing, especially when surface defects or build-

induced anisotropy were predominant factors. 

Ultimately, material engineering needs to adapt to new research and engineering paradigms 

through their inception and development. There is a significant need to make bending fatigue a top 

priority as we move away from using monolithic wrought materials and toward a larger spectrum 

of additive manufacturing components to ensure robust structures in more complex and crucial 

applications. Such historical perspective is useful for understanding the current state of research and 

highlights how crucial it is to have standardized bending fatigue tests for metals used in additive 

manufacturing that are specific to the application. 

3. Current Research in Bending Fatigue of AM Metals 

Recent research has moved beyond basic property reporting to more in-depth studies of the 

factors that affect bending fatigue performance. Researchers are now focusing significantly on AM 

process parameters, resulting surface and internal defects, effective post-processing techniques as 

well as the predictive methodologies for faster and reliable qualification of AM parts in fatigue-

critical applications by reducing reliance on expensive experiments. 

3.1. Influence of Process Parameters on Bending Fatigue Performance of AM Metals 

The fatigue life of an AM component greatly depends on the parameters chosen during layer-

by-layer manufacturing [49–51]. In particular, the variables of Laser Powder Bed Fusion (LPBF) and 

Directed energy deposition (DED) such as laser power, scan speed, hatch spacing, powder particle 

size and layer thickness dictate the stability of the melt pool and, consequently, the density and 

microstructure of the final part. Several studies have been carried out to investigate the effect of these 

parameters and ultimately find the best combination to ensure a better fatigue life. For example, 

Ramirez et al. investigated the 4 point and 3 point bending fatigue performance of Ti-6Al-4V 

manufactured by LPBF at different process parameters [52]. According to their observations different 

laser power and scanning speeds can vary the size , shape, number of surface defects, pores and the 

surface roughness which are the dominant factors that control fatigue life. Even different printing 

parameters can cause varying surface defects. For example, as shown in Table 1 [52], for the same 

laser power 370 W, keyhole (P3) incurred the highest number of defects with larger sizes than 

porosity (P5) and Lack of Fusion (LOF) (P8). The defect quantity drastically dropped with the low 

laser power and optimum scanning speed. Interestingly, with same laser power (280W) and scanning 

speed (1200 mm/s) , EOS nominal exhibited lower number of defects of a smaller size compared to 

EOS nominal due to a different scan strategy. 

Table 1. Variation of defects and porosity at different process parameters in LPBF produced Ti-6Al-4V fatigue 

specimens [52]. 

Printing 

Parameter 

Power 

(W) 

Scannin

g  

Speed 

(mm/s) 

% Porosity 

Circularit

y  

Avg. 

Numbe

r of 

Defects 

Avg. dia. 

(µm) 

P3 Keyhole 370 800 
0.385 ± 

0.004 
0.76 ± 0.04 3861 29 

P5 Process 

Window 
370 1400 

0.106 ± 

0.012 
0.63 ± 0.06 1363 32 

P8 Lack of Fusion 370 2000 
0.215 ± 

0.046 
0.58 ± 0.05 2708 26 

EOS Nominal 280 1200 
0.008 ± 

0.004 
0.66 ± 0.06 231 22 
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EOS Nominal 

Improved 
280 1200 

0.017 ± 

0.012 
0.57 ± 0.05 143 19 

This study also proved that an improvement of surface roughness from 15 microns to 7 microns, 

resulted in a fatigue life increase of about 100 cycles by varying scan strategy while keeping the 

process parameters same as demonstrated in Table 2 [52]. Different hatching offsets, the contour path, 

and additional contours to remelt the prior printed contours caused improvements in surface 

smoothness. 

Table 2. Variation in surface roughness at different scan offset at same process parameters [52]. 

  

Nominal Contour 

Strategy 
Improved Contour Strategy 

Contour 1 Contour 2 Contour 1 Contour 2 Contour 3 

Contour Offset (micron) 20 0 0 80 0 

Laser Power (W) 150 150 100 100 100 

Scanning Speed (mm/s) 1250 1250 450 450 550 

Surface Roughness 

(micron) 
15 7 

Moon et al. [53] found the impact of laser scanning speed and powder layer thickness on pore 

density, which impacts fatigue life. Particularly, low porosity was achieved at scanning speed lower 

than 2700 mm/s while porosity increased when using 2700-4250 mm/s (Figure 1) while keeping the 

same laser power of 400W and a fixed powder layer thickness of 20 microns. This is because at the 

lower speeds, the melted tracks were mostly straight and regularly overlapped with neighboring 

paths and with the increase of speeds the irregularity and unevenness were observed to increase due 

to the loss of stability over scan direction which ultimately caused high surface roughness.  

 

Figure 1. Variation of porosity with scanning speed at fixed laser power [54]. 
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However, at the low cycle fatigue regimes the effect of scanning speed was difficult to 

distinguish. Ren Y et al. observed that Ti-6Al-4V produced by laser directed energy deposition 

process (LDED) showed similar fatigue strength up to 10^4 cycles when scanned at 900 and 1500 

mm/min scanning velocity. This reason was explained due to the high scatter of LCF data, 

heterogenous microstructure and the presence of defects in the specimen. Moreover, at lower strain 

amplitudes, the low cycle fatigue properties were comparable to that of wrought counterparts [55].     

On the other hand, rapid and increased formation of porosity was observed at the powder layer 

thickness above 40 microns at same laser power of 400W and scan speed of 2400 mm/s due to 

inconsistent melt flow between layers and on the top surface. (Figure 2) [54]. The thicker layer of 

powdered material was difficult to get fully melted by this laser power, which leads to a gap between 

layers and the inclusion and predominance of the staircase effect, ultimately increasing the surface 

roughness. 

 

Figure 2. Variation of pore density with powder layer thickness at fixed power and speed [54]. 

Hatami et al identified the effect of spattered particles on fatigue strength while printing the 

specimens on both left- and right-hand side of an LPBF build plate [56]. As illustrated in Figure 3, 

due to scanning direction being opposite to the direction of gas flow, a higher number of spattered 

particles accumulated on the left side containing increased oxide inclusions.  
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Figure 3. Dissimilar accumulation of spattered particles [56]. 

These dissimilar inclusions on two sides remained on the material and caused variation in the 

tensile strength and enhanced fracture initiations which was reflected in their fatigue life [57,58] as 

displayed in Figure 4 [56]. 

 

Figure 4. Life cycle variation for left- and right-hand side specimens [56]. 

Some additional observations by numerous researchers regarding the influence of process 

parameters on bending fatigue performance of several AM-fabricated metals are summarized in 

Table 3 [52,59–63]. All of these findings collaboratively necessitate optimized printing parameters for 

better AM materials microstructure and surface finish.    

Table 3. Influence of AM process parameters on bending fatigue performance. 

Referen

ces 

Process parameters used 
Materi

als 

Tested 

& 

proces

s 

Observed 

Defects/Su

rface 

Output 

Bending Fatigue 

Performance 
Laser 

Powe

r 

Scanni

ng 

Speed 

(mm/s

ec) 

Hatch 

offset, 

mm 

Powder 

Particle 

Size/Lay

er thick, 

µm 

[52] 
370J, 

280J 

800,14

00, 

1200,2

000 

Scanni

ng 

directi

on 

altered 

D10=26.4 

µm, 

55µm 

D50=37.2

µm, 

76µm 

D90=57.4

Ti-6Al-

4V 

LPBF, 

EPBF 

Keyhole 

porosity, 

Lack of 

fusion 

porosity 

1. High laser power, 

low scanning speed 

affected fatigue life 

2. Fatigue 

performance 

improved by 
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µm, 

106µm 

optimizing scan 

strategy 

[59] 
370 

Watt 
1300 0.19 

LT=50, 80 

µm, 

AlSi10

Mg 

LPBF 

1. 80µm 

layer 

caused 

larger LOF 

pores and 

high 

roughness,  

2. 50µm has 

few and 

small 

defects  

1. 50µm showed 

higher rotating 

bending fatigue limit 

(70-80 MPa at 10^8 

cycles compared to 80 

µm (15-25MPa) 

[60,61] 
370 

Watt 
1350 0.09 

LT=50 

µm 

SS316L 

LPBF 

1. Lack of 

Fusion 

porosity 

with size 

113 µm for 

pre 

corroded 

and 141µm 

for 

corroded 

specimen 

2. Surface 

degradatio

n with 

pronounce

d crevices 

and pits 

due to 

corrosion 

1. Corrosion bending 

fatigue test was 

performed. Pre-

corroded specimens 

show about 20% 

reduction in fatigue 

life than the non-

corroded one. 

2. Fatigue strength 

was found for 

corroded and pre-

corroded as 203 and 

243 MPa respectively 

[62,63] 
400W

att 
    

Particle 

size = 

40µm 

LT = 

30µm 

Ti-6Al-

4V 

SLM 

1. Gas 

pores, LOF 

pores 

2. 

Anisotropic 

columnar 

grains 

1. Pores have a drastic 

effect on the fatigue 

behavior at high-cycle 

fatigue regimes. 

2. Significant fatigue 

life variation between 

as built and heat-

treated specimen due 

to removing residual 

stress.  

3. Mean fatigue life 

increased from 27000 

cycles to 93,000 cycles 

by stress relieving 

3.2. Impact of Build Orientation on Bending Fatigue Performance 

Build orientation significantly affects the fatigue strength as it determines the direction of the 

grain growth and the orientation of layer lines relative to the principal stress axis, seriously 
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influencing fatigue crack initiation and propagation[64–66]. Table 4 summarizes some of the effects 

of build orientation on bending fatigue performance of different AM metals [67–72]. Although the 

quality of an AM part can vary depending on the material, and printing processes; overall, it turns 

out that the horizontal or flat orientation exhibits best bending fatigue performance which then starts 

diminishing with an increase of inclination indicating build orientation effects and anisotropies [73–

77]. This could happen for several reasons such as layer adhesion, melt pool boundaries and 

interfaces along the build direction, stress concentration, defect orientation, anisotropic 

microstructures, and grain orientation etc. [78,79]. As AM is a layer-by-layer fabrication process, the 

bond between layers might be weaker than its wrought counterpart, brought on by segregation of 

materials due to cooling rates or vaporization effects. In such scenarios, a bending load applied 

parallel to the build orientation causes less harm to these weaker interfaces due to uniform stress 

distribution along the uniaxial load and build direction. On the contrary, force applied to the vertical 

layers could accelerate the damage due to high stress concentration at these weak interfaces.  

Table 4. Effect of Build orientation of AM specimens on Bending fatigue performance. 

References 
Build 

Orientation 

Materials 

Tested 

AM 

Process 
Bending Fatigue Observation 

[67]  0°, 45° and 90° 
Al2024-

RAM2 

Laser 

Powder 

Bed Fusion 

(LPBF) 

1. 0° orientation showed lower 

roughness and the highest fatigue 

strength. 

2. 45° and 90° had almost similar 

fatigue life as roughness was almost 

same. 

[68] 0°, 45° and 90° Ti-6Al-4V 
LPBF 

(SLM) 

1.Due to significant anisotropic 

characteristics, fatigue strength was 

reduced by around 40% when build 

orientation changed from 0 to 90 

degree. 

2. Favorable orientation was 

identified as 0° due to developing 

columnar grains against crack 

propagation thereby enhancing 

fatigue life. 

[69] 
Horizontal(0°) & 

Vertical (90°) 
SS 17-4PH 

Atomic 

diffusion 

AM 

(ADAM) 

1. Vertically oriented specimens 

experienced lower ductility and 

lower fatigue life than horizontally 

oriented specimens. 

2. Vertically oriented specimens had 

poor quality with large pores due to 

lack of sintering that mainly 

extended towards the layer 

boundaries. 

[70] 

Flat, On edge 

and upright 

orientation 

SS17-4PH 

alloy  

Metal 

fused 

filament 

fabrication 

(MFFF) 

1. On-edge orientation displayed 

lower bending strength than flat 

orientation due to the creation of  a 

sliding action by Poisson’s effect. 

This sliding action results in highly 

deformed and shifted voids towards 

the edge.  

2. Upright orientation had higher 

bending strain and lower strength 

and limited plasticity as well. 
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[71] 

Parallel (x-y) 

&perpendicular 

(x-z) 

AlSi10Mg 

alloy  
SLM 

1. At very high cycle fatigue (VHCF) 

regimes, the bending strength of the 

horizontally built specimens is 

higher than that of the vertically 

oriented parts due to 

microstructural effects while larger 

defect sizes were observed in the 

vertically fabricated parts. 

[72] 
X, Y and Z (Build 

direction) 
Ti-6Al-4V DED 

1. The mean fatigue life 

(logarithmic) in X and Y direction 

was almost twice that the fatigue life 

of the specimen built in the Z 

direction 

Horizontal orientations were observed to create finer grain size and lower anisotropic trends 

which ultimately enhanced the material strength according to Hall-Petch effect [80]. These smaller 

and fine grain sizes are also beneficial to obstruct the crack propagation in fracture surfaces, thereby 

promoting longer fatigue life [81]. However, many unique and edge case observations contradicting 

these trends were also prevalent. For example, Dixit S et al. and Sun W et al. identified the highest 

yield strength and fatigue properties in the specimens fabricated along 45° orientation due to 

containing higher amounts of <111> grains towards the said direction [82,83]. This crystallographic 

texture is strong being dense and closely packed, indicating anisotropic behavior. From all of these 

studies, it is certain that the nature of defects, porosity and thermal properties of an AM made part 

can considerably affect the fatigue performance related to build orientation.  

3.3. Impact of Post-Processing and Surface Treatments 

While the exceptional design flexibility of Additive manufacturing (AM) allows for the creation 

of complex and tailored metal components without the limitations of conventional manufacturing, 

the as fabricated state of these parts frequently poses considerable difficulties for high-performance 

applications [84,85]. AM metal components produced through methods like Laser Powder Bed 

Fusion (LPBF), Directed Energy Deposition (DED), and Electron Beam Powder Bed Fusion (EBPBF) 

often display increased surface roughness and poor geometric tolerances due to partially melted 

powder particles and the “staircase” effect on sloped surfaces; internal flaws such as lack-of-fusion 

voids and gas porosity; and significant residual stress resulting from extreme thermal gradients 

during these rapid melting and solidification cycles [86–88]. These attributes adversely affect 

mechanical performance, particularly in fatigue-sensitive applications where crack initiation is 

frequently governed by surface and near-surface defects. These are the facts which make the post-

processing and surface treatment essential to transform additive manufacturing parts from their 

original state into products that meet the strict requirements of the energy, aerospace, biomedical, 

and automobile industries. There are two primary categories of post-processing techniques: bulk-

modifying treatments that enhance the microstructure, eliminate internal porosity, and reduce 

harmful tensile residual stresses, and surface-focused treatments that smooth the surface, reduce 

stress concentration points, and create beneficial compressive residual stresses. Some examples of 

bulk-modifying treatments include stress-relief annealing, hot isostatic pressing (HIP), and solution 

aging [89–91]. All of these techniques summarized in Table 5 [92–99] can be combined to strengthen 

materials by reducing the initiation and propagation of cracks.  

Table 5. Effect of post processing on fatigue performance. 

References 

Post 

processing/surface 

treatment applied 

Material 

and 

Process 

Type of 

fatigue 

test 

Usefulness and improvements in 

fatigue performance 
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[92]  

1. Shot Peening 

(SP) 

2. Laser shock 

Peening (LSP)  

3. Centrifugal 

Finishing (CF) 

4. Laser Polishing 

(LP) 

5. Linishing (Lin) 

6. Hot Iso-static 

Pressing (HIP) 

Ti-6Al-4V 

EPBF & 

LPBF 

Rotating 

Bending 

1. Fatigue life was increased by 

around 100-125% with CF, SP and Lin 

post processing compared to as built 

2. Laser shock peening was observed 

increase fatigue life by around 5-20% 

3. But laser polishing reduced fatigue 

life instead due to formation of high 

surface roughness 

4. Stress relieved LPBF samples 

showed higher strength than EPBF 

HIPPED specimens 

[93] 
1. Heat Treatment 

2. HIP 

Ti-6Al-4V 

alloy, 

LPBF 

Axial 

1. Fatigue strength was improved by 

three times when compared to as built 

by applying Heat treatment  

2. HT+HIP increased fatigue 

properties by five times 

[94] 

1. Machining 

2. Hot Iso-static 

Pressing (HIP) 

718 alloy, 

EBM and 

SLM 

4-point 

bending  

1. Machined specimens had lower 

surface roughness and higher fatigue 

life, but large scatter observed due to 

large number of crack initiation sites. 

2. HIP treatment significantly reduced 

the number of defects and improved 

fatigue life 

[95] 

1. Vibratory 

polishing 

2. Laser surface 

remelting (LSR) 

3. Abrasive 

polishing  

Ti-6Al-4V 

&Inconel 

625 

EBM and 

SLM 

High 

Cycle 

Fatigue 

Test 

1. Both Vibratory and chemical 

finishing improved fatigue life by 3-5 

times for Ti-6Al-4V 

2. LSR and abrasive polishing didn’t 

improve fatigue life of Inconel 625 

alloy significantly due to existing 

defects despite smoother surfaces 

[96,97] 
1. Hot Iso-static 

Pressing (HIP) 

Ti-6Al-4V 

LPBF 

DMLS 

Axial 

1. Internal defects can be minimized 

by HIP without affecting surface 

roughness 

2. Fatigue life was decreased 

significantly with the increase of 

Arithmetic mean surface roughness 

[98] 
1. Laser Polishing 

2. Stress-Relief 

Ti-6Al-4V 

LPBF 

Fully 

Reverse 

Bending, 

R=-1 

1. Laser polished specimens exhibited 

longer fatigue life cycle compared to 

as built by decreasing surface 

roughness due to remelting of the 

partially melted powdered particles.  

2. Stress Relief process helped 

improve fatigue strength at low cycle 

zones 

[99] 

1. Electro chemical 

polishing 

2. Mechanical 

Polishing 

3. Machined 

(Round specimen) 

4. HIP 

AlSi10Mg 

SLM 

Ti-6Al-4V 

DMLS 

316L 

&17-4PH 

Fully 

Reverse 

Rotating 

Bending, 

R=-1 

1. SLM AlSi10Mg showed 60% higher 

strength than that of conventional 

Al6061 

2. Post treatment process did not 

effectively enhance fatigue strength 

due to high number of defects, pores 

etc. 

3. DMLS fabricated stainless steels 

showed 85%-95% of the fatigue 
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strength of  wrought steels 

4. HIP process improved fatigue 

strength of DMLS 316L in the high 

cycle regimes only 

Post processing can increase yield strength, ultimate tensile strength, and especially fatigue life. 

Ren et al. found a significant improvement in a material’s fatigue performance as a result of the 

solution treatment and aging (STA) technique. Components exhibited good low cycle fatigue (LCF) 

lifetimes and were comparable to those of their wrought counterparts at intermediate strain 

amplitudes [55]. Mower et al. identified significant enhancement in fatigue strength of DMLS 

produced Ti-6Al-4V when it was treated by HIP process. They observed that irrespective of the 

orientation of scanning, fatigue strength was observed to be 400-MPa at 5X104 cycles which is much 

higher than mechanical or electropolished specimens, which ranged around 100-200 MPa (Figure 5) 

[99].        

 

Figure 5. Fatigue strength comparison of DMLS Ti6Al4V for different post processing method investigated by 

Mower Tet al. [99]. 

El Hassanin et al. investigated the rotating bending fatigue performance of Ti-6Al-4V fabricated 

by L-PBF and E-PBF and surface treatment by CO2 laser polishing [100]. They observed the 

significant difference in surface roughness between as built and polished specimens that ultimately 

increased the fatigue life as demonstrated in Figure 6 [100]. For both LPBF and EPBF rotating bending 

life was increased through polishing by 26% and 1% respectively at the plastic deformation region, 

127% and 113% respectively at the elastic zone, 103% and 59% at the infinite zone. 
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Figure 6. Comparison of fatigue life in as built and polished specimens [100]. 

Although Surface roughness is considered to be the dominant factor for fatigue crack initiation, 

a high level of scatter in fatigue limit measurements occur due to internal defects and coarser 

microstructures [96]. Therefore, to eliminate surface impurities of the AM metals, surface treatment 

is essential. But to remove internal pores which are often visible after surface finishing, heat treatment 

and processes like HIP and stress relieving are crucial. It can therefore be stated that both  surface 

finishing and heat treatment can simultaneously improve the fatigue performance of AM metals. 

Nakatani et al. analyzed and compared the surface morphology and fatigue life of the EBM 

manufactured Ti-6Al-4V which are both polished and HIPed [101]. Figure 7 illustrates this 

phenomenon representing that although the defects/pores could be removed from the as built parts 

by applying HIP method, surface roughness still remains. This study also proved that fatigue limit 

of the polished specimens outperformed the as built specimens for both sample groups with and 

without HIP. According to their findings, for a targeted life cycle of 107, polished specimens showed 

fatigue strength of approximately 550 MPa, whereas As built with and without HIP could at most 

achieve the strength of 200 and 100 MPa respectively which is just 1/3rd of the polished specimen 

(Figure 8).    

 

Figure 7. Microstructural difference of Ti-6Al-4V before and after HIP [101]. 
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In additive manufacturing, the as-built parts contain unevenness and irregular shapes due to 

sintered and partially melted particles during fabrication. To remove those extra materials and to 

make the part meet tolerance, machining before polishing is often recommended. Parvez M et al. 

justified the effectiveness of this while comparing the surface profile of machined and polished 

specimens [102]. They found that the specimens which are both machined and polished exhibit least 

waviness compared to as built and just polished specimens.  

Besides these mechanical and thermal post processing techniques, solution-based surface 

finishing is also effective specially for the internal surfaces of complex geometries [103–105]. Pawan 

Tyagi et al. experimented on the effectiveness of Chem-polishing and electro-polishing to reduce the 

surface roughness of SLM manufactured stainless steel 316 [106,107]. According to their 

investigations, Both electropolished and Chem-polished specimens showed a drastic drop of surface 

roughness by approximately 80-90% compared to an unpolished specimen. More specifically, 

electropolishing outperformed, providing an average surface roughness of 48 nm compared to 

Chem-polishing, acquiring an average surface roughness of 370nm. A similar investigation was 

performed by Jiang et al. to reduce surface roughness of LPBF produced nickel-based superalloy 

(Hastelloy X) using electropolishing [108]. They used an environmentally safe electrolyte called deep 

eutectic solvent (DES) whereby a surface roughness of 1.2 microns could be achieved in just 5 minutes 

of treatment.   

 

Figure 8. Fatigue strength variation for Polished, HIP and without HIP specimens [101]. 

To conclude, in bending fatigue, where stress gradients are highest at the outer  layer of a 

component, improving surface integrity and defect reduction through post-processing and surface 

treatments has been instrumental in increasing fatigue life by several hundred percent in some alloys. 

This can ensure the safe use of metals made with additive manufacturing in real life applications. 

3.4. Prediction Methodologies for Bending Fatigue Life in AM Metals    

Preparing and testing AM specimens are laborious and expensive due to possessing a higher 

degree of variability in porosity, microstructure, and surface morphology. So, to reduce the 

dependency on experimentation, researchers are trying to accelerate this understanding based on 

predictive methodologies such as numerical simulation, probabilistic estimation and data driven 

machine learning approaches [109,110]. 
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3.4.1. Numerical Approaches 

 Computational software using Finite Element Analysis (FEA), multiscale modeling, and crystal 

plasticity simulations are now available to analyze the bending fatigue behavior of AM metals. 

Optimized process parameters for fabrication can now be obtained in advance by using software like 

OpenFoam, ANSYS and COMSOL etc. that can narrow down the experimental trial and error 

processes. By leveraging finite element simulations, maximum stress points, crack initiation location, 

even fatigue life cycle estimation can be determined by using software like Abaqus and SolidWorks 

and used to propose corrections for AM component design before printing. For instance, Jalalahmadi 

B et al. developed a predictive model called DCAM (Digital clone for Additive Manufacturing) for 

fatigue life prediction and qualification of AM parts [111]. By simulating the entire process, from 

initial powder characteristics and complex thermal cycles to the final microstructures, they have been 

able to provide predictions on material characterization across multiple geometries and materials 

that aligned well with the experimental results. Hedayati R et al. successfully predicted and validated 

the S-N curve of porous structures of AM fabricated Ti-6Al-4V by using FE solver ANSYS for lower 

fatigue strength regimes [112]. Incorporating these numerical approaches considerably reduces 

experimental burden during development. 

3.4.2. Probabilistic Estimation 

 Defects in AM parts are randomly distributed in terms of size, location and morphology. 

Consequently, failure factors like crack location, and maximum stress are also scattered causing 

fatigue in AM metals to be inherently stochastic. By treating these characterization features as 

distributions rather than deterministic values, probabilistic models such as probabilistic fracture 

mechanics, reliability-based design, extreme value statistics or a Bayesian inference-based 

framework, can be used to address these uncertainties [113–115]. Being especially valuable for 

bending fatigue, these models are designed by contemplating the fatigue initiation as the weakest 

link failure event [116] and defects such as pore or lack of fit (LOF) are considered as the statistical 

populations. For instance, Park et al. provided a Maximum Likelihood Estimation (MLE) and Median 

Rank Regression (MRR) based quantitative evaluation by using Monte Carlo simulations to 

determine the effect of number of specimens, test duration and censoring interval on the accuracy of 

Weibull estimators in the crack initiation test during Stress Corrosion Cracking of a nuclear reactor 

[117]. A Probabilistic Physics-guided Neural Network (PPgNN) was developed by Chen et al. for 

modeling fatigue properties of SLM produced Ti-6Al-4V and it was identified that fatigue life is 

highly sensitive to temperature, layer thickness, laser power, scan speed and hatch offset [118]. Awd 

et al. presented a Maximum A Posteriori (MAP) algorithm by combining with atomistic simulations 

for quantifying the microstructural heterogeneity effect of LPBF built Alsi10Mg and Ti-6Al-4V on 

fatigue performance and validated that the predicted fatigue strength distributions align with 

experimental high cycle fatigue data [119].  

3.4.3. Machine Learning Approaches 

 Machine learning based bending fatigue performance prediction in AM metals is performed to 

analyze data-rich features to capture complex, nonlinear relationships between AM process 

parameters, microstructural characteristics and defects. The process typically starts with data 

acquisition from experimental fatigue tests; selection of relevant input parameters like laser power, 

scanning speed, hatch offset, layer thickness, powder particle size, expected surface roughness, 

residual stress profile and defect rates; training of the model using algorithms such as XGBoost, 

Support Vector Mechanics (SVM), Random Forest, or Artificial Neural Networks (ANNs); and finally 

evaluation of the model for accuracy and reliability. Researchers are demonstrating the feasibility of 

these data driven models for fatigue performance prediction to reduce reliance on pricy physical tests 

[120–126]. As evidence, Bao H et al. found the suitability of the SVM models while determining the 

influence of the defect size, location and morphology on the fatigue life of a SLM built Ti-6Al-4V 
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[127]. Zhang M et al. examined the Neuro-fuzzy based ML method to predict the high cycle fatigue 

life of LPBF produced stainless steel 316L by using a dataset of the specimens exposed to different 

process conditions and surface treatments [128]. Tao Shi et al. [129] and Hornas J et al. [130] applied 

ANN (Artificial Neural Network) , RFR (Random Forest Regression) and SVR (Support Vector 

Regression) model for fatigue life prediction of SLM produced Alsi10Mg and Ti-6Al-4V respectively 

based on the data of surface imperfections by µCT measurements, stating that among the 3 models 

used ANN exhibited the highest accuracy with 𝐑𝟐  =  𝟎. 𝟖𝟒𝟖.  

Each methodology described above has demonstrated unique importance on bending fatigue 

analysis of AM metals. Adoption of computational models overcomes the scarcity of experimental 

datasets, while the probabilistic estimation with the use of machine learning models can quantify the 

uncertainty of the results by making accurate model interpretation. The efficient integration and 

successful implementation of these prediction methodologies are crucial for a faster and confident 

qualification of AM metals in real-life cyclic stress applications. 

4. Future Directions for Mitigating Challenges 

Despite considerable advancements in understanding bending fatigue in additively 

manufactured metals, several fundamental challenges remain unanswered. Lack of reproducibility 

across machines and strong sensitivity to process parameters cause significant variability in fatigue 

life arising from the complex interaction of defect populations, surface roughness and residual 

stresses. This variability is further exacerbated due to strong dependence on specimen geometry and 

build orientation leading to inconsistent microstructure and failure locations. This inconsistency 

introduces significant uncertainty and risk into reliability analysis and safety-critical cyclic loading 

applications of AM components. Resolving these difficulties requires extensive post-processing and 

a large volume of expensive and time-consuming tests. The adaptation to the miniaturization 

technique can be potentially useful in this scenario for high throughput testing and stochastic 

quantification by reducing material consumption, cost and time. Unique geometries such as Krouse 

or notched specimens can be advantageous for statistically capturing scatter in fatigue performance 

and localized evaluation of AM features due to randomness in defect distribution across the wider 

gage volume. Moreover, most existing studies focus on axial fatigue, leaving bending fatigue data 

scarce and underexplored, which can be mitigated by exploring the correlation among the different 

fatigue testing methods and materials. Finally, standard operating procedures, describing the 

guideline for preparation methods, acceptable surface quality level and the defects characterization 

protocols, will reduce inter-study variability and enable direct comparison of results across 

laboratories. All of these approaches collectively will create a roadmap to develop relevant AM 

processes for fatigue-critical applications.                   

4.1. Adapting Miniaturization Concepts 

In support of intricate additive manufacturing processes and components made with multiple 

materials, miniaturized specimens are being investigated to enhance fatigue testing efficiency and 

minimize material usage, especially for costly alloys or small production runs. [131]. Printing 

miniaturized specimens requires fewer materials and less effort compared to the conventional full-

size coupons. Also, they facilitate the assessment of small, localized features, such as lattice struts 

within architected additive manufacturing structures, which cannot be evaluated at full scale [132]. 

Research conducted by Nicoletto et al has shown that miniaturized bending fatigue tests can yield 

significant data variability while minimizing costs and enhancing throughput [133]. But the 

advantages of miniaturization could be offset by significant “size effects.” Smaller specimens 

demonstrate steeper stress gradients and heightened sensitivity to defects, indicating that even a 

single pore or un-melted particle can significantly influence fatigue life by promoting fatigue crack 

initiation due to the lower distance between the center of the pores to the surface [134]. Thus, although 

miniaturization serves as an effective approach for expedited screening, it is essential to implement 
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careful calibration and adhere to scaling laws prior to confidently applying results to full-sized 

components. 

4.2. Application to Unique Geometries 

Bending fatigue analysis and results on additively manufactured metals are greatly influenced 

by the geometry of the specimens. AM technologies inherently provide significant design flexibility 

while imposing distinct geometric limitations; thus, researchers have modified both traditional and 

novel specimen designs to investigate fatigue behavior under bending loads. These endeavors are 

not solely theoretical; they embody the essential requirement to elucidate the relationship between 

flaws, microstructure, and stress states that dictate the fatigue life of additive manufacturing 

components and parts. 

Conventional round beam specimens have historically been regarded as the benchmark in 

rotating-bending fatigue testing because they produce uniform, fully reversed stress distributions 

along the specimen’s circumference. The cylindrical design reduces stress concentrations and offers 

a relatively defect-insensitive reference for assessing a material’s inherent fatigue characteristics. In 

additive manufacturing investigations, cylindrical specimens are especially significant for 

elucidating surface-related fatigue behavior: surface roughness, partially melted particles, and 

staircase effects often serve as sites for crack initiation, which are distinctly manifested in round 

geometries. 

On the contrary, flat specimens are easier to manufacture if processed directly from plate-like 

additive manufacturing blocks. They are also indicative of actual physical structures such as panels, 

thin-walled housings, or brackets. But the use of flat specimens presents specific complexities due to 

the edge effects in which machined, or as-built edges act as unintentional stress concentrators that 

promote crack initiation. But modification of edge of the flat specimens and proper machining 

parameters can eliminate detrimental surface features or roughness, thereby reducing the impact of 

surface defects and relocating the crack initiation to internal porosity. Consequently, varying failure 

mechanisms are evident based on the use of round or flat specimens, which complicates direct data 

comparison across studies. This necessitates the urgent requirement for standardized protocols that 

delineate specimen preparation, geometry, and surface conditions in additive manufacturing 

bending fatigue tests such that each target their own failure modes.      

Alternatively, researchers are investigating and increasingly experimenting with specialized 

fatigue specimen design instead of conventional geometries to address the unique challenges 

associated with additive manufacturing. One such noteworthy geometry is Krouse specimen which 

is characterized by a flat cantilever-like design and a tapered gage. The specialty of this geometry is 

that it can generate a uniform stress field along the gage length as justified by Parvez M et al. [135]. 

Initially created for wrought steels, this method has been rarely implemented in fatigue properties 

investigation of AM metals [135,136]. Other noteworthy specimens are notched and hourglass-

shaped specimens which are intentionally designed to create controlled stress concentrations for 

directing crack initiations in specific locations. Some studies have been carried out to quantify and 

compare the notch sensitivity of AM metals with that of wrought materials as well as to investigate 

the microstructural behavior on those notched features [137–140]. These geometries are essential for 

examining the notch sensitivity of additive manufacturing metals and for exploring the fatigue crack 

initiation and propagation nature at reduced life cycles. While these designs offer insights into worst-

case loading conditions, they may obscure the natural crack initiation processes characteristic of as-

built additive manufacturing surfaces, where fatigue life is typically influenced by a distribution of 

randomly located defects rather than a single engineered notch. Consequently, although specialized 

geometries offer significant advantages for mechanistic investigations, their relevance to operational 

conditions requires thorough consideration.  

Overall, it can be stated that the specimen geometry plays a significant role in fatigue 

characterization of AM metals. While round specimens are beneficial for testing intrinsic material 

response, flat specimens are relevant in terms of ease in manufacturing, preparation and 
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representation of many real-world structures. Special geometries like Krouse or notched offer 

mechanistic insight under controlled conditions. Therefore, to choose the right geometry, standard 

operating procedures and testing protocols along with robust design guidelines should be 

established for the best practices in fatigue analysis of AM products.    

4.3. Establish Correlation Across Different Fatigue Test Methods 

Establishing reliable correlations across different fatigue testing methods and different materials 

could be a potential way to deal with the issues associated with additively manufactured metals. 

Axial, bending, and torsional fatigue tests highlight distinct crack initiation mechanisms such as 

internal defects in axial loading, surface roughness in bending, and shear-induced flaws in torsion. 

However, comparing and integrating their fatigue strength results from these different loading 

modes using theoretical models like stress-life or strain-life models and defect-oriented methodology 

like “Murakami’s square root of defect area [141]” approach can potentially provide a unified 

predictive framework for fatigue behavior in additively manufactured metals. Similarly, correlating 

fatigue behavior among materials with varying microstructural sensitivity can enable researchers to 

discern overarching trends that will connect process parameters, defect populations, and fatigue life. 

But the evidence to experimentally prove these relationships is limited. Akiniwa et al. determined 

the fatigue strength ratio of spring steel under axial and torsional loading at stress cycles and found 

an almost constant ratio at different fatigue regimes [142]. But another study performed by Kurek et 

al. found a discrepancy in this ratio (
𝜎 

𝜏
) while comparing the bending and torsional strength of 

different structural materials [143]. They found that the ratio is not constant for all steels except few 

non-ferrous metals and varies depending on the chemical composition and heat treatment. Therefore, 

for safe and confident deployment of the correlation concept, more empirical evidence is essential. 

With proper integration of machine learning frameworks and high throughput miniaturized testing, 

these correlations can provide better predictive accuracy with minimal physical experimentation.               

4.4. Develop Standard Operating Procedures (SOP) 

The components fabricated through additive manufacturing processes such as Laser Powder 

Bed Fusion (LPBF), Directed Energy Deposition (DED) and Electron Beam Powder Bed Fusion (EB-

PBF) are being subjected to fatigue loading in service due to their rapid adoption across multiple 

industries. For safe and reliable deployment of these AM components in cyclic loading applications, 

developing standard operating procedures is crucial. Although well-established ASTM standards 

exist for axial fatigue test of wrought metals which discuss specimen preparation, surface finish 

requirements, test apparatus and provide other documentation [42,43], the bending fatigue test of 

AM parts drastically lacks such equivalent standards. This led individual researchers to use different 

specimen geometries, surface conditions coupled with the limited understanding about defect 

acceptance rates, limit the comparability of the result across studies. Again, due to the dissimilar 

nature of mechanism of crack initiation between axial and bending fatigue and the distinct defect 

types present in wrought and AM, the standards developed for axial loading of wrought metals 

cannot be directly implemented in bending of AM metals. Quite a few researchers have suggested 

the urgent need to address these issues. For example, Slotwinski J et al. studied, sorted out and 

suggested the applicability of existing standards in AM testing [144]. Rogers J et al. discussed the 

applicability of pre-tested fatigue data to AM parts and the limitation of using this data and test 

methodologies without adjustment for AMs unique microstructural anisotropy and/or unique defect 

driven behaviors [145]. So, for AM part to be qualified for bending fatigue test with confidence, robust 

and harmonized protocols should address several aspects as described below:    

Specimen Processing: Instructions about specimen preparation from printing to polishing 

should be well defined. For example, characteristics and classification of powder particles 

specification, process parameters, build orientation, heat treatment procedures, machining 

parameters etc. should be standardized. 
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Surface Treatment: As surface sensitivity for bending fatigue is critical, it is important to outline 

the acceptable limits of surface roughness at different conditions such as machined, polished versus 

as built, with or without edge effects etc.; all of which need to be well defined. 

Degree of Defect Acceptance and associated Methods: Recommended max defect size, defect 

distribution and suitable measurement techniques should be standardized to ensure the 

comparability among multiple studies.   

Test Set Up: Standard testing procedure for different fatigue tests like rotating bending, pure 

bending, 2, 3, 4 points bending should be established with best practice of recommended load ratio, 

test frequency, and environmental influences.  

Correlation among Alternatives: Although direct comparison is not feasible, acceptable ranges 

in test results between conventional and AM metals; Correlation in test result among axial, bending, 

and torsional fatigue can be suggested with empirical evidence.  

Documentation and Reporting: The test data, process and results can be recorded under a 

common transparent platform, a concept of Digital Twins to enable virtual access for the researchers 

for real-time monitoring and meta-analyses. 

A combined community effort, involving academic researchers, industrial innovators, 

individuals from standard organizations, and certification authorities, is required for establishing 

such a SOP so that anybody can test a unique AM specimen under standard procedures. This will 

ultimately reduce the gap between academic research and industrial adoption by building confidence 

to certify an AM part in cyclic loading applications.                                     

5. Conclusions 

Additive manufacturing provides a lot of advantages in terms of design freedom and 

customization, capability of building complex geometries, and faster production. However, its 

implementation in bending fatigue characterization is still limited due to lack of knowledge in 

mitigating challenges to fit AM components under realistic cyclic loading conditions. The current 

review article highlighted those gaps while consolidating historical and contemporary research, 

summarizing the impact of AM processing parameters, build orientation, and post processing on 

bending fatigue performance. Additionally, the study also provided a road map towards future 

research for resolving the difficulties as well as qualifying AM parts for safe deployment in fatigue-

critical applications like automotive, nuclear, medical, energy, defense, and aerospace industries. The 

key observations are summarized as follows:  

• Processing parameters play a significant role in surface roughness that determines bending 

fatigue performance. Although, these are very material, condition and process specific; usually, 

lower laser power and lower scanning speed provide lower number of defects due to fair control 

of melt path and avoiding large heat affected zones [52]. Lower powder particle size can 

significantly improve surface smoothness and fatigue strength due to their excellent melting and 

reduced staircase effect [54].                 

• Optimized scan strategy such as choosing a higher hatch offset distance with a higher number of 

contours can remelt the prior printed contours to reduce surface roughness [52].   

• Horizontal build orientation with respect to scan direction exhibits the best bending fatigue 

performance compared to inclined and vertical orientations due to minimized melt-pool and 

layer boundaries that could act as failure propagations regions and alleviate stress concentration.  

• Post-processing and surface treatment of AM metals significantly improve bending fatigue 

strength by mitigating two primary limitations, such as surface roughness and near-surface 

defects. But the effective choice of these techniques strongly relies on the material, processes, and 

geometry considerations coupled to consumer needs. 

• For mitigating challenges associated with fabrication and sample preparation, the role of 

miniaturization, geometric effects and prediction methodologies need to be thoroughly explored 

and adapted by developing optimal standard procedures.  
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